TAR DNA-binding protein 43 (TDP-43) plays a key role in the neurodegenerative diseases including amyotrophic lateral sclerosis and frontotemporal lobar degeneration. The nature of the TDP-43-mediated neurotoxicity associated with these diseases is not yet understood. Here, we have established transgenic Caenorhabditis elegans models that express human TDP-43 variants in the nervous system, including the full-length wild-type (WT) and mutant proteins and a pathologic C-terminal fragment. The C. elegans models developed severe locomotor defects associated with the aggregation of TDP-43 in neurons. In comparison to parallel Cu/Zn superoxide dismutase worm models, transgenic full-length TDP-43, including the WT protein, was highly neurotoxic. In addition, TDP-43 demonstrated an unusually high tendency to aggregate, a property intrinsic to the WT protein.
INTRODUCTION
TAR DNA-binding protein is an evolutionarily conserved DNA/RNA-binding protein that has been associated with neurodegenerative diseases including amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). ALS is characterized by degeneration of motor neurons that leads to motor dysfunction (1, 2) , and FTLD by degeneration of the frontal and temporal lobes of the brain that leads to dementia (3) . Wild-type (WT) TDP-43 protein and its proteolytic fragments have been found as characteristic components of the ubiquitinated proteinaceous inclusions in the brain and spinal cord of ALS and FTLD patients (4) . Furthermore, more than 30 dominant mutations in TDP-43 have been identified in 4% of familial ALS (5, 6) , and rare mutations have been found in several FTLD patients (7 -9) . The common TDP-43 proteinopathy suggests that ALS and FTLD might represent different manifestations of a spectrum of related neurodegenerative disorders (10) .
The exact function of TDP-43 remains unclear, although it has been implicated in transcription regulation and RNA metabolism (11, 12) . TDP-43 regulates the processing of various RNA species (12) (13) (14) (15) (16) (17) (18) , and its function is essential for early mouse embryogenesis (19, 20) . Expression of both WT and mutant human TDP-43 proteins in transgenic mice and rats leads to neurodegeneration (21) (22) (23) (24) (25) (26) . The cellular pathologies include ubiquitinated inclusions (21, 23) , TDP-43 nuclear and cytoplasmic aggregates (22, 24, 26) , mitochondrial accumulation (24, 25) and disruption of Gemini of coiled bodies (25) . Studies in other animal models, such as Drosophila and † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. * To whom correspondence should be addressed at: 615 North Wolfe Street, Room E8410, Baltimore, MD 21205, USA. Tel: +1 4105020927; Fax: +1 4109552926; Email: jiouw@jhmi.edu zebrafish, have suggested that both loss of function and gained toxicity of TDP-43 could lead to the neurodegeneration (27) (28) (29) . Recent Caenorhabditis elegans models suggested that RNA binding and phosphorylation of TDP-43 influences its toxicity (30, 31) . However, the exact mechanism of TDP-43-associated neurodegeneration remains largely unknown (6) . TDP-43 is primarily a nuclear protein and forms both nuclear and cytoplasmic complexes (18, 32) . It is degraded through both the ubiquitin-proteasome system and autophagy (33, 34) . It is recruited to cytoplasmic stress granules under oxidative insults (35) . Cytoplasmic mislocalization of mutant TDP-43 has been associated with its cytotoxicity (36) . A common feature shared by many neurodegeneration-associated proteins, including ALS-linked Cu/Zn superoxide dismutase (SOD1), is the heightened propensity to form non-native high-molecular-weight species, including soluble oligomers and insoluble aggregates (37) (38) (39) . Although TDP-43 has been shown to be aggregation-prone in vitro (40) , it remains unclear whether the misfolding and the aggregation of TDP-43 play an important role in its neurotoxicity.
Aging is a risk factor for adult-onset neurodegenerative diseases. One molecular pathway that regulates aging is insulin/ insulin-like growth factor 1 (IGF-1) signaling, which is evolutionarily conserved from nematode to mammals (41, 42) . daf-2 encodes the sole insulin/IGF-1 receptor (IGF1R) in C. elegans, and a loss-of-function daf-2 mutation doubles the lifespan in C. elegans (41) . DAF-2-mediated longevity is partially mediated by downstream DAF-16, a forkhead-related transcriptional factor that DAF-2 negatively regulates (43) . Deficiency in insulin/IGF-1 signaling has previously been shown to suppress the aggregation of polyglutamine peptides and an amyloid peptide in C. elegans body wall muscles (44, 45) . The heat shock transcriptional factor 1 (HSF-1), a master transcriptional factor that positively regulates the expression of many heat shock proteins, is also involved in aging (43) .
To establish tractable models for efficient probing of the agedependent human neurodegenerative diseases, we have created transgenic C. elegans that express various forms of human TDP-43 and develop profound movement defects associated with protein misfolding and aggregation. A comparison of TDP-43 and SOD1 in human cells revealed that TDP-43 had an unusually high propensity to form protein aggregates, and a C-terminal fragment of TDP-43 found in FTLD patients was particularly aggregation-prone. We found that the neurotoxicity and the protein aggregation of TDP-43 in C. elegans were increased by thermal stress and were dependent on HSF-1. In addition, the DAF-2-mediated insulin signaling that regulates the aging program significantly modulated the neurotoxicity and the protein aggregation of TDP-43 in neurons. We further extended these observations to mammalian systems using a human cell model of TDP-43 protein aggregation.
RESULTS
Transgenic C. elegans expressing neuronal full-length and truncated human TDP-43 develop locomotor defects and protein aggregation
To explore the potential use of C. elegans as a model organism to study TDP-43-linked ALS and FTLD, we generated transgenic C. elegans expressing the human TDP-43 gene via a pan-neuronal promoter of the C. elegans gene synaptobrevin (snb-1) (46) . Both WT TDP-43 and ALS-linked mutant forms of this protein, Q331K and M337V, were expressed in the nervous system of transgenic animals. An enhanced yellow fluorescent protein (YFP) tag at the C-terminus of TDP-43 was used to visualize the protein in the intact transparent animals.
Transgenic C. elegans expressing both the WT and the ALS-linked mutant forms of TDP-43-YFP developed profound locomotor defects, as measured by the crawling speed of the worms on solid medium and the thrashing rate in liquid medium ( Fig. 1A ; Supplementary Material, Videos S1 -6), providing a direct readout of the neurotoxicity of the protein. The expression of YFP alone using the same expression vector, as a negative control, did not produce any significant defect. Next, we compared the phenotypes of the transgenic strains expressing TDP-43-YFP with those of SOD1-YFP strains, using transgenic lines exhibiting comparable intensity of YFP fluorescence. The WT and the G85R mutant SOD1 were significantly different in their neurotoxic properties: whereas WT SOD1-YFP had only a mild effect on the behavior of the transgenic animals, the G85R SOD1-YFP mutant exhibited severe locomotor defects ( Fig. 1A) (46) . In comparison, both the WT and the mutant forms of TDP-43-YFP exhibited particularly strong locomotor defects that were consistently more severe than those of the mutant SOD1-YFP, even when the total protein levels of TDP-43 were less than that of mutant SOD1 (Fig. 1A) . In addition, the locomotor defect in the transgenic C. elegans expressing the ALS-linked TDP-43 mutants, Q331K and M337V, appeared to be slightly more severe than that associated with WT TDP-43 (Fig. 1A) . These phenotypes suggested an intrinsic toxicity of the TDP-43 protein when it accumulated at pathological conditions. The C-terminal fragments of TDP-43 are signature components of the ubiquitinated inclusions in the affected brain or spinal cord of human patients (4). We then generated transgenic C. elegans expressing a C-terminal 25 kDa fragment (TDP-C25, residues 219 -414) that has been identified in FTLD brains (47) . Interestingly, although the TDP-C25 transgenic C. elegans exhibited a significantly worse locomotor defect than WT SOD1, the neurotoxicity of the truncated protein is less than that of the full-length TDP-43 proteins (Fig. 1A) .
To understand the basis of the locomotor defect of the TDP-43 transgenic C. elegans, we used Nomarski optics and YFP fluorescence microscopy to examine the ventral cord motor neurons that innervate body wall muscles. The TDP-43 transgenic C. elegans did not exhibit significant loss of neurons or gross abnormality of neuronal morphology. To assess the function of the motor neurons, we used a cholinergic agonist, aldicarb, which is an established agent for probing neurotransmission in nematodes (48) . Like the mutant SOD1 transgenic C. elegans (46), the TDP-43 strains were more resistant than the non-transgenic or YFP-only controls to the paralytic effect of aldicarb (data not shown), suggesting that the locomotor defects in the TDP-43 transgenic C. elegans were likely mediated by a reduced efficiency in synaptic transmissions.
Human Molecular Genetics, 2011 , Vol. 20, No. 10 1953 In addition to their locomotor defects, the TDP-43-YFP transgenic C. elegans strains exhibited growth defects similar to those observed in G85R SOD1-YFP transgenic C. elegans (46) . When compared with the non-transgenic and YFP-only controls, the TDP-43-YFP transgenic C. elegans had slower growth rates during larval developmental stages from L1 to L4. Overall, the growth defects in the transgenic C. elegans expressing TDP-43-YFP and mutant SOD1-YFP were correlated with the locomotor defects in these animals, suggesting a common origin related to the neurotoxicity induced by these proteins.
To assess the aggregation of TDP-43 in C. elegans neurons, we applied a biochemical assay for detecting protein aggregates to the transgenic C. elegans (Fig. 1B) . The TDP-43 
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and SOD1 transgenic C. elegans were homogenized and extracted to separate supernatant and pellet fractions. In this process, detergent-insoluble protein aggregates were enriched in the pellets. WT SOD1-YFP completely segregated with the supernatant, whereas G85R SOD-YFP had readily detectable aggregates in the pellet. In comparison, a fraction of the fulllength WT TDP-43-YFP was detected in the pellet, suggesting its aggregation in C. elegans neurons. In the case of TDP-C25-YFP, it was predominantly enriched in the pellet, suggesting its remarkably high propensity for aggregation (Fig. 1B) . We then examined the distribution of the TDP-43-YFP in the live neurons of intact C. elegans. The WT TDP-43 ( Fig. 1C) and full-length mutant proteins, Q331K and M337V (Supplementary Material, Fig. S1 ), were mostly localized to the nucleus in C. elegans neurons. In contrast, the TDP-C25-YFP were localized exclusively to the cytoplasm and formed discrete aggregates (Supplementary Material, Fig. 1C ). The TDP-C25-YFP aggregates started as relatively small globular structures, but some grew into larger structures filling the cytoplasmic space. In addition, smaller puncta of TDP-C25-YFP were also observed throughout the neuronal processes ( Fig. 1D and E) . The puncta were evenly distributed along the long processes, and no fast movements were observed for these structures, suggesting that small aggregates could form locally in the neuronal processes. Such puncta were absent in transgenic C. elegans expressing full-length TDP-43 proteins.
The nature of the aggregates was further confirmed by fluorescence recovery after photobleaching (FRAP) analysis. When neurons expressing YFP only were partially bleached in the cytoplasm, the fluorescent protein was immediately redistributed within the cytoplasm, suggesting that YFP was completely soluble (Fig. 2) . FRAP in the nuclei of YFP-expressing neurons indicated that the nuclear pool of YFP was equally mobile (Supplementary Material, Fig. S2 ). However, the recovery of TDP-43-YFP, which was predominantly localized to the nucleus, occurred at a slower rate, suggesting that a subset of the protein molecules was either in an aggregated state or associated with less mobile macromolecular structures (Fig. 2) . The nature of the cytoplasmic aggregates of TDP-C25 was clearly demonstrated by FRAP. After a portion of TDP-C25 fluorescent aggregates was bleached, the fluorescence in the bleached region did not recover after several minutes, indicating that the TDP-C25-YFP present in the structure were highly immobile (Fig. 2) .
The high aggregation propensity of both full-length and truncated TDP-43 in mammalian cells
To further analyze the aggregation propensity of the TDP-43 variants in mammalian cells, we tagged these proteins with an N-terminal Myc and compared them with SOD1 variants in human embryonic kidney 293T (HEK293T) cells (Fig. 3) . The cells were lysed at 48 h after cell transfection, and the lysates were extracted and separated into soluble supernatants and insoluble pellets. The relative ratio of insoluble to soluble proteins was used as a measure of the aggregation propensity of TDP-43 and SOD1. The representative of ALS-linked SOD1 mutant, G85R, showed a heightened aggregation propensity when compared with the WT SOD1 protein. Interestingly, all the TDP-43 variants, including WT, Q331K and M337V, exhibited a higher aggregation propensity than any form of SOD1, even mutant SOD1 ( Fig. 3A and B) . The particularly aggregation-prone TDP-C25 fragment fractionated predominantly into the insoluble pellet, consistent with the observation that it formed discrete aggregates in C. elegans neurons. The low steady-state level of soluble TDP-C25 is likely due to its rapid turnover. The instability of the TDP-C25 protein was confirmed by its estimated half-life of 3.3 h, when compared with 11.3 h for the WT TDP-43 protein (Fig. 3C ). Given that G85R represents a protein of relatively high aggregation propensity among ALS-linked SOD1 mutants (49) , these results revealed unusually high aggregation potential for TDP-43, which appeared to be inherent in the WT protein. Furthermore, endogenous TDP-43 in HEK293T cells fractionated significantly into the insoluble pellet, when compared with SOD1, suggesting that TDP-43 exists in large sedimentable structures (Fig. 3D ). In addition, immunostaining for Myc-tagged TDP-43 in HEK293T or U2OS cells showed a cellular distribution pattern similar to that observed in C. elegans neurons. The WT TDP-43 proteins and the full-length mutants, Q331K and M337V, showed a predominantly nuclear localization (Supplementary Material, Fig. S3 ). In contrast, the TDP-C25 fragment formed discrete and exclusively cytoplasmic aggregates (Fig. 3E ).
TDP-43 protein dimers and oligomers linked by disulfide bonds in vivo
There are six cysteine residues in TDP-43 (C38, C49, C172, C174, C197 and C243), with one (C243) included in the TDP-C25 fragment. Because aberrant disulfide cross-linking of SOD1 has been implicated in protein aggregation in cell and mouse models (50-53), we asked whether intermolecular disulfide bonds played any role in the aggregation of TDP-43. As described above, the Myc-tagged proteins were expressed in the HEK293T cells, detergent-extracted, and then electrophoresed under denaturing but non-reducing conditions with sample buffer containing sodium dodecyl sulfate (SDS) but no reducing agents (Fig. 4) . Because the protein extraction buffer contained iodoacetamide, which binds covalently with cysteine and prevents its ex vivo oxidation, only disulfide bonds formed in vivo were detected by this method.
Under the non-reducing conditions, the insoluble G85R SOD1 proteins in the pellet completely shifted to high-molecular-weight species in denaturing SDSpolyacrylamide gel electrophoresis (PAGE), suggesting that the aggregated SOD1 proteins were all conjugated to themselves or to other proteins via disulfide bonds. In comparison, a significant fraction of the insoluble WT and mutant TDP-43 proteins in the pellets was not disulfide-linked and could be disassociated by the SDS. However, a fraction of the insoluble 
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Human Molecular Genetics, 2011, Vol. 20, No. 10 TDP-43 protein appeared to form distinct dimers and oligomers via disulfide bonds, a result observed for all the tested full-length variants and TDP-C25 (Fig. 4A, top panel) . When the soluble fractions were treated under the same conditions, no disulfide-linked SOD1 G85R or TDP-43 high-molecular-weight species were detected (Fig. 4A , lower panel), indicating that these non-native species enriched in the insoluble fractions were not a product of treatments ex vivo. To test the role of the disulfide bond in the aggregate formation, we generated a cysteine-free TDP-C25 mutant (C243A) and performed aggregation analysis. C243A blocked the formation of the disulfide-linked dimer, but the aggregation of the majority of the TDP-C25 protein was not affected significantly (Fig. 4B) . Taken together, these results suggest that disulfide-linked TDP-43 dimers and oligomers can be formed in vivo but they are not required for the aggregate formation.
Transgenic C. elegans expressing TDP-43 are sensitive to elevated environmental temperature
Since protein misfolding is sensitive to the thermal environment, we asked whether the locomotor defects and protein aggregation in the transgenic C. elegans models expressing TDP-43 are dependent on the environmental temperatures. The C. elegans models expressing full-length TDP-43 variants and the TDP-C25 fragment were grown at the preferred temperature of 208C or at an elevated temperature, 258C. Compared with those grown at 208C, the TDP-43 transgenic C. elegans grown at 258C exhibited more pronounced phenotypes, including higher levels of soluble and insoluble proteins ( Fig. 5A and B), more accumulation of fluorescently tagged proteins in neurons ( Fig. 5C and D) and worsened locomotor defects (Fig. 5E ). The C. elegans strains expressing the highly aggregation-prone protein, TDP-C25, appeared to be particularly sensitive to the elevated temperature. Quantitative reverse transcription polymerase chain reaction (RT-PCR) was used to measure the mRNA levels of the TDP-43 variant, and the temperature change did not change the gene expression levels (Supplementary Material, Fig. S5 ). These data suggested that elevated temperature could increase TDP-43 protein misfolding and the overall burden on protein quality control, resulting in the accumulation of soluble and insoluble TDP-43 and a more severe neurotoxicity.
HSF-1 is a major factor required for protection against the neurotoxicity and protein aggregation of TDP-43
Next, we asked whether TDP-43-mediated neurotoxicity and protein aggregation were directly regulated by components of the protein quality-control system. We first used RNAi to knockdown the expression of candidate genes and test how the RNAi knockdown affected TDP-43-induced neurodegeneration. To enhance the effect of the RNAi treatments on neurons, transgenic C. elegans stably expressing WT TDP-43-YFP or TDP-C25-YFP were crossed into a background of eri-1(mg366);lin-15B(n744) (54) . The sensitized C. elegans strains were then fed with bacteria expressing double-stranded RNA against target genes. Among the candidate genes, we identified HSF-1 as a major protective factor because its deficiency resulted in a strong aggravation of the neurodegenerative and protein aggregation phenotypes associated with TDP-43 ( Fig. 6A and B) . The C. elegans strains expressing TDP-C25-YFP, which is highly unstable and aggregation-prone, were more sensitive to the HSF-1 knockdown than the strains expressing WT Fig. S6) ; however, it significantly worsened the locomotor phenotypes of TDP-C25-YFP strains (Fig. 6C , the hemizygous strain was tested due to the developmental arrest of the homozygous transgeneic animals in the hsf-1 background). The phenotype of the full-length TDP-43 transgenic worms was so severe that a worsening effect of hsf-1(sy441) was difficult to measure by the thrashing assay. hsf-1(sy441) also worsened the growth defect of TDP-C25-YFP strains. In fact, the TDP-C25 homozygous animals for hsf-1(sy441) had such retarded growth at 208C that they failed to develop and pass the L2 developmental stage. There was a concomitant pronounced increase in the aggregation of TDP-C25-YFP in C. elegans neurons; the aggregates grew significantly in size, filling the cytoplasmic space of the majority of neurons (Fig. 6D) Aging is associated with the TDP-43 proteinopathy in humans. In our relatively short-lived C. elegans models, the locomotor defects deteriorated over time significantly faster than WT N2 animals (Supplementary Material, Fig. S4 ). We asked whether the C. elegans genes involved in longevity could modulate the neurotoxicity of TDP-43. We crossed a loss-of-function allele of the gene encoding the insulin/IGF1R daf-2, e1370, which doubles the lifespan in C. elegans, to the transgenic C. elegans stably expressing the full-length WT TDP-43-YFP. The daf-2(e1370) allele led to a marked improvement in the locomotor defects in the TDP-43 transgenic C. elegans (Fig. 7A ) as well as a significant reduction in aggregates in the insoluble pellets of extracted worm homogenates (Fig. 7B and C) . Consistent with the reduction in the insoluble protein, the accumulation of WT TDP-43-YFP in the nucleus was significantly attenuated (Fig. 7D) .
To further assess the effect of insulin/IGF-1 signaling on the protein aggregation phenotypes displayed by the TDP-43 
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Human Molecular Genetics, 2011, Vol. 20, No. 10 transgenic C. elegans models, we crossed the daf-2(e1370) allele to the transgenic C. elegans stably expressing the highly aggregation-prone variant TDP-C25-YFP. daf-2(e1370) robustly protected against the neurotoxicity and protein aggregation of TDP-C25-YFP, as the number and size of the fluorescent aggregates were significantly decreased ( Fig. 8A-D) .
To further study the role of insulin/IGF-1, we crossed the TDP-43 transgenic animals to a daf-16 loss-of-function allele, mu86, that blocks the lifespan extension effect of daf-2(e1370) (55, 56) . The phenotype of the full-length TDP-43 transgenic worms was so pronounced that a worsening effect of daf-16(mu86) was difficult to measure by the thrashing assay. However, an increase in the protein aggregation of TDP-C25-YFP was observed in live C. elegans carrying daf-16(mu86). Indeed, in sensitive behavioral and biochemical assays, daf-2(e1370) and daf-16(mu86) showed opposing effects on the neurotoxicity and aggregation of TDP-C25-YFP ( Fig. 8A-C) . The IGF-1 pathway did not significantly alter the behaviorsly of the YFP-only animals (Supplementary Material, Fig. S6 ), suggesting that the genetic modifiers acted independently of the YFP tag. For the TDP-43 variants, both the supernatant and the pellet protein fractions were significantly decreased by daf-2(e1370) and increased by daf-16(mu86) (Fig. 8C) . No evidence of gene expression changes was found (Supplementary Material, Fig. S5 ), suggesting that the deficiency in insulin/IGF-1 signaling exerted its protection against the neurotoxicity by clearing misfolded or aggregated proteins. Since the centrifugation sedimented only large aggregates, the alterations of the TDP-43 protein levels in the supernatant fractions could be due to the misfolded and aggregated proteins retained in the supernatants. To determine whether the insulin/IGF-1 signaling also modulates the aggregation of TDP-43 in a mammalian system, we used the aforementioned cell-based model of TDP-43 aggregation. Human HEK293T cells were transiently transfected with Myc-tagged human TDP-43 carrying Q331K, a mutation linked to familial ALS, with or without an small hairpin RNA (shRNA)-mediated knockdown of the IGF1R. Multiple shRNA against different regions of IGF1R were used, and the knockdown was verified by anti-IGF1R immunoblotting ( Fig. 9A and B) . The cell lysates were fractionated into supernatants and pellets and analyzed by anti-Myc immunoblotting. As was observed for C. elegans, a deficiency of the mammalian IGF1R led to a significant reduction in both soluble and aggregated TDP-43 ( Fig. 9A and C) , suggesting that the insulin/IGF-1 pathway regulates the clearance of misfolded and aggregated TDP-43 through an evolutionarily conserved mechanism.
DISCUSSION
In the present study, we have established C. elegans models expressing full-length and truncated human TDP-43 variants that are associated with neurodegenerative diseases ALS and FTLD. These C. elegans models developed robust behavioral phenotypes including the locomotor defects that provide a sensitive readout for studying the neurotoxicity of TDP-43. We further demonstrated in C. elegans and human cells that TDP-43 has a high aggregation propensity that is intrinsic to its WT form. A C-terminal 25 kDa fragment of TDP-43 implicated in human patients was found to be particularly aggregation-prone. An elevation in environmental temperature was associated with increased aggregation and neurotoxicity of the TDP-43 proteins in the C. elegans models. Thus, the results of this study suggest that TDP-43 misfolding and aggregation contribute to its neurotoxicity. Consistent with this conclusion was the observation that HSF-1, a key mediator of protein quality control, was a potent regulator of the TDP-43-induced neurotoxicity in C. elegans. Furthermore, we found that alterations in the insulin/IGF-1 signaling pathway, an evolutionarily conserved pathway that regulates lifespan, significantly ameliorated the neurotoxicity and protein aggregation associated with TDP-43, providing a mechanistic link between the aging program and the TDP-43 proteinopathy.
Neurotoxicity and protein aggregation of TDP-43
The nature of the toxicity of TDP-43 that leads to neurodegeneration in ALS and FTLD is poorly understood. The results of this study indicate that TDP-43 is prone to misfold and aggregate, a property tightly associated with its neurotoxicity. Although the phenotype of a loss-of-function mutant of the C. elegans TDP-43 ortholog, tdp-1, is largely normal (unpublished observation), transgenic animals expressing human TDP-43 in neurons developed pronounced behavioral phenotypes. In C. elegans and human cells, accumulated TDP-43 has a high propensity to form insoluble protein aggregates. When compared with SOD1, TDP-43 has several distinct features with regard to its aggregation and neurotoxicity. First, unlike SOD1, in which a single point mutation can transform a highly stable protein into an aggregation-prone and toxic mutant, the WT form of TDP-43 is already highly aggregation-prone and potentially toxic, suggesting that neurons are sensitive to the abnormal accumulation of this protein. This feature is in accord with the recent reports of the toxicity of WT TDP-43 in rodent models (22, 24, 25) , and the observation that inclusion bodies immunopositive for TDP-43 have been found in the central nervous system of a subset of ALS and FTLD patients without TDP-43 mutations (4). Second, the neurotoxicity induced by TDP-43 in the C. elegans model is more severe than that induced by mutant SOD1 under the same experimental conditions. The neurotoxicity of TDP-43 may be related to its high propensity to aggregate. In addition to its unusually high aggregation propensity, there could be other factors that contribute to the severe toxicity of TDP-43, such as those related to its functions in transcription regulation and RNA processing. Disease-associated mutations or elevation of expression levels may perturb the normal functions of TDP-43 and lead to neurotoxicity. Recent C. elegans studies reported that RNAbinding functions or phosphorylation of TDP-43 promoted the toxicity of TDP-43 (30, 31) . TDP-43 may carry out its normal functions in large protein complexes, because a significant fraction of the endogenous protein exists in sedimentable structures (Fig. 3D) . We propose that the misfolding of TDP-43 causes disruption of its normal binding complexes as well as gain of aberrant interaction, leading to cellular dysfunction. Moreover, in contrast to SOD1, which is mainly cytoplasmic, full-length TDP-43 is predominantly localized to the nucleus. Although tags such as YFP may influence protein behavior, we observed that full-length TDP-43-YFP was localized to the C. elegans neuronal nucleus as expected. Furthermore, the high aggregation propensity of TDP-43 was observed when studied with different tags in both C. elegans and mammalian cells. Indeed, the endogenous TDP-43 appeared to be much more insoluble than SOD1 in human cells. Further studies are needed to clarify the toxic effects of TDP-43 misfolding and aggregation in the nucleus.
Several cleavage sites have been reported to generate C-terminal 25 kDa fragments of TDP-43 in cells and patients (47, 57, 58) . The pathologic TDP-C25 fragment (residues 219 -414) tested in this study showed a remarkably high propensity to aggregate. Compared with the full-length proteins, soluble TDP-C25 is rapidly degraded, perhaps as a result of misfolding and disassociation from its protective partners. Lacking the predicted nuclear localization signal (57), TDP-C25 aggregated selectively into the cytoplasm. Consistent with the report that TDP-C25 is enriched in the insoluble aggregates in human patients (4), our identification of the high aggregation potential of TDP-C25 suggests that it could nucleate the aggregate formation despite of its low steady-state levels in neurons. Interestingly, TDP-C25 is less toxic to C. elegans neurons than full-length TDP-43 under the same experimental conditions. In comparison, TDP-C25 is much more insoluble than its fulllength counterparts. This observation supports the notion that although the insoluble aggregates are potentially toxic to the cell, the toxicity is not linearly proportional to the protein mass in the aggregates, as the proteins trapped inside the aggregates are probably functionally inert or species other than large aggregates are more toxic. In addition to the insoluble aggregates, soluble non-native species such as oligomers or misfolded protein itself could also contribute to the toxicity. Moreover, the detection of distinct dimers and oligomers of TDP-43 linked by disulfide bonds suggests that specific oligomeric species exist in the cell. However, the disulfide bond is not required for the formation of the TDP-C25 aggregates, suggesting that the highly aggregation-prone protein can form polymeric structures through other forces such as hydrophobic interactions. Further studies are needed to understand the TDP-43 protein complexes under native and disease conditions.
TDP-43 toxicity modulated by HSF-1 and insulin/IGF-1 signaling
The abnormal accumulation of TDP-43 proteins is the hallmark in a subset of cases of ALS and FTLD (4, 10) . Our demonstration that the neurotoxicity of TDP-43 is modulated by HSF-1 and the observation that deficiency in insulin/IGF-1 signaling suppresses the toxicity support the concept that the toxicity is dependent on protein misfolding (Fig. 10) . TDP-43 is implicated in RNA processing and DNA transcription (11, 12) . Nuclear and cytoplasmic inclusions of TDP-43 were found in neurons of ALS and FTLD patients (4). The truncated variant, TDP-C25, is a component of the human pathology and has been observed to form cytoplasmic aggregates (Figs 1 and 3) . TDP-43 misfolding could disrupt its native complexes or cause aberrant protein interactions and thus perturb the cellular functions. HSF-1 was found to be a particularly strong regulator of the TDP-43 toxicity. In response to protein misfolding, HSF-1 is activated and acts as a master transcriptional regulator of molecular chaperones that are critical facilitators for protein quality control (59) . A loss of function of HSF-1 could compromise this stress response and therefore worsen the misfolding-dependent toxicity of TDP-43. A related observation is that elevated environmental temperature exacerbated the TDP-43 toxicity, probably by promoting the unfolding of TDP-43 and burdening the protein quality-control systems. We also identified the insulin/IGF1R DAF-2 as a novel suppressor of the TDP-43 toxicity. Modulation of the TDP-43 neurotoxicity by DAF-2 and the downstream FOXO transcriptional factor DAF-16 are consistent with the notion that TDP-43 toxicity is mediated by stress related to protein misfolding, since this signaling has been shown to regulate protein folding-related stress responses (60) . At least part of the DAF-16-induced stress responses is mediated by the activation of molecular chaperone networks (60) . Indeed, we consistently observed that the modulation of the TDP-43 neurotoxicity was correlated with the changes in its protein aggregation, underscoring the role of protein misfolding in the neurotoxicity. Aging in C. elegans is also influenced by environmental temperature (61), HSF-1 (43) and insulin/IGF-1 signaling (41) . There is an emerging notion that aging is associated with the decline in protein homeostasis (43, 44) . We recently observed that the molecular chaperones are up-regulated in normally aged brains (62) . The results of the current study suggest that protein misfolding could be the mechanistic basis for the age dependence of the TDP-43 proteinopathy. Reduced IGF-1 signaling was recently shown to delay agedependent Ab toxicity in mice by modulating its oligomers and dense plaques formed outside the neurons in the brain (63) . The results of our study demonstrated that reduced insulin/IGF-1 signaling could ameliorate TDP-43 toxicity by decreasing its aggregation in neurons. It was also recently shown that nuclear targeting of FOXO3a, the mammalian homolog of DAF-16, protected against various insults implicated in motor neuron diseases such as mutant SOD1 and mutant p150 glued (64) . In the present study, we found that, in mammalian cells, a deficiency of the insulin/IGF1R attenuated the TDP-43 protein aggregation. Future studies in rodent models would be needed to confirm the potential use of this pathway for therapeutic interventions in TDP-43-related neurodegenerative diseases.
MATERIALS AND METHODS

Deoxyribonucleic acid
The C. elegans transgene constructs were prepared by subcloning the human TDP-43 cDNAs, with or without a C-terminal YFP tag, into a modified plasmid pPD30_38 (Fire Lab Vector, Addgene), with the promoter replaced with that of the snb-1 gene. For mammalian cell transfection, the human TDP-43 and SOD1 cDNAs were subcloned into a pRK5 plasmid containing an N-terminal Myc tag (EQKLI-SEEDL).
Caenorhabditis elegans
The N2 Bristol C. elegans strain, cultured under standard conditions at 208C (65) , was used for all experiments unless otherwise indicated. To generate transgenic lines, a DNA solution containing 20 ng/ml of the expression construct was injected into hermaphrodite gonads (66) . The expression of TDP-43-YFP was visualized by a C-terminal YFP tag. Multiple extrachromosomal lines were established based on the fluorescent markers. These lines were further treated with 30 mg/ml trimethylpsoralen (Sigma) and 300 mJ of 365 nm UV light to screen for integrated lines that stably expressed the transgenes. Each integrated line was backcrossed with the N2 strain at least four times. Integrated lines expressing only YFP were generated as controls. Integrated lines expressing the human WT SOD1-YFP and G85R variants have been described previously (2) 
Caenorhabditis elegans behavioral assay
The C. elegans strains were observed stereoscopically, noting the duration and velocity of their spontaneous movement. Animals were also examined for their maximum motility by observing their forward and backward movements after being touched by a metal pick. To quantitate their relative motility, animals were transferred to M9 buffer (3 mg/ml KH 2 PO 4 , 6 mg/ml Na 2 HPO 4 , 5 mg/ml NaCl and 1 mM MgSO 4 ) for the thrashing assay at room temperature. After 1 min of adaptation, the number of body bends or thrashes was counted for 1 min as an index of the locomotor phenotype. A thrash is counted when both the head and the tail bend away from the anterior -posterior axis more than 458.
RNAi in C. elegans
To sensitize C. elegans neurons for RNAi treatments, the eri-1(mg366) and lin-15B(n744) alleles were crossed to integrated lines expressing transgenic TDP-43-YFP or TDP-C25-YFP. Selected bacterial clones from an RNAi feeding library (Source BioScience, Nottingham, England) (67) were grown and plated to feed C. elegans. L4 animals were transferred to the RNAi plates and the phenotypes of their offspring were analyzed.
4
′ ,6 ′ -Diamidino-2-phenylindole staining in C. elegans
For the TDP-43 co-localization studies in C. elegans, L4 worms were first washed with M9 buffer and H 2 O. Then, the worms were fixed in 500 ml methanol on dry ice for 5 min. Following three washes of phosphate-buffered saline with 0.1% Tween 20, the fixed worms were mounted onto microscope slides in a solution of 2.5% 1,4-diazobicyclo[2,2,2]-octane in 100 mM Tris, pH 8.8, with 50% glycerol and 0.2 mg/ml 4 ′ ,6 ′ -diamidino-2-phenylindole (DAPI) dihydrochloride.
Microscopy and FRAP analysis
Videos of C. elegans movement were recorded using a Leica fluorescence stereoscope (MZ165) and a Leica DFC310 FX camera. For high-magnification imaging, animals were immobilized with 10 mM levamisole and examined with a Zeiss AxioObserver Z1 with Apotome imaging system. For FRAP analysis, a Zeiss LSM510 META laser confocal microscope was used.
Protein aggregation assays for C. elegans and mammalian cells
The biochemical assay used to detect insoluble aggregated proteins has been described previously (49) . ethylenediaminetetraacetic acid (EDTA),100 mM NaCl and 0.5% NP-40] supplemented with mini-EDTA protease inhibitor cocktail (Roche) and 50 mM iodoacetamide (Sigma). The lysates were then transferred to a Coulter Airfuge and centrifuged at 25 psi ( 130 000g) for 5 min. The supernatant was saved as the 'S1' sample. The remaining pellet was transferred and sonicated in extraction buffer to resuspend the pellet into solution. This resuspended pellet was ultracentrifuged again for 5 min, and the remaining pellet was transferred to 100 ml of resuspension buffer (10 mM Tris-HCl, pH 8.0, with 1 mM EDTA, 100 mM NaCl, 0.5% NP-40, 0.5% deoxycholic acid and 2% SDS) and sonicated until the pellet was resuspended in solution; this preparation was saved as the 'P2' sample. The S1 and P2 fractions were subjected to SDS -PAGE and transferred to nitrocellulose membranes (Bio-Rad). The immunoblotting analyses were performed using the following antibodies: 1:2000 anti-Myc (clone 9E10) conjugated to horseradish peroxidase (Roche), 1:2000 anti-YFP (BD Biosciences), 1:1000 anti-TDP-43 (Proteintech Group, Chicago, IL, USA) and 1:3000 anti-SOD1 (SOD-100, Enzo, Farmingdale, NY, USA). Proteins were visualized using enhanced chemiluminescence and quantitated using ImageJ software. The Student's t-tests were used for statistical analysis.
For the protein aggregation assay in mammalian cells, HEK293T cells were plated onto 60 mm tissue culture dishes at a density of 10 6 cells per dish. Myc-tagged TDP-43 and SOD1 variants were engineered and sequenced in their entirety. Plasmid (6 mg) was transfected using Invitrogen's Lipofectamine 2000 reagent according to the manufacturer's instructions. At 48 h following transfection, the cells were harvested in the extraction buffer and analyzed as described above.
For the denaturing and non-reducing SDS -PAGE, S1 and P2 fractions were mixed in Laemmli sample buffer (2% SDS) without b-mercaptoethanol. The samples were boiled before gel electrophoresis.
Quantitative RT -PCR
Caenorhabditis elegans was harvested in M9 buffer, and RNA was isolated using a phenol-chloroform extraction with TRIzol reagent (Invitrogen), followed by purification using RNeasy mini kit (Qiagen). A two-step RT -PCR was employed to assess relative changes in transgenic transcripts using iScript cDNA Synthesis Kit and SYBR Green Supermix (Bio-Rad). Standard curves were generated for the worm gdh-1 and human TDP-43 primer pairs. The primers for the worm gdh-1 were CGGTATCATCGAAGGACTCAT and GTCCATCTCTCCACAGCTTT. The primers for the human TDP-43 were GCCTTCGGTTCTGGAAATAACTC and CCCGACCCTGCATTGGAT (sequences included in TDP-C25). Samples were processed in triplicates, and the relative ratio between the two genes was calculated using the standard curve equation to measure the expression level of the TDP-43 or TDP-C25 transgenes.
shRNA knockdown in mammalian cells
Small hairpin oligonucleotides matching the following IGF1R RNA sequences were subcloned into the pRFP-C-RS plasmid (Origene, Rockville, MD, USA) using BamHI/HindIII restriction sites: (i) GGATGCGGTGTCCAATAACTACATTGTGG, (ii) AACGGCAACCTGAGTTACTACATTGTGCG and (iii) TGGCATACCTCAACGCCAATAAGTTCGTC. HEK293T cells at a density of 3.2 × 10 5 per 60 mm dish were transfected with a 4 mg (total) mixture of the three shRNAs and 20 ng TDP-43 Q331K and harvested 72 h later for analysis.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
